On of the major degradation processes in lithium ion batteries is the deposition of metallic lithium on the surface of the active particles in the negative electrode. In this paper we present a fully 3D microstructure resolved simulation of the influence of plated lithium on the cell potential during discharge depending on the amount and position of plated lithium. Our simulations give insight on the most probable position of the first occurrence of plating within the electrode depending on applied current and ambient temperatures as well as on the subtle local electric current distributions during stripping of plated lithium upon discharge. Specifically a stripping induced intercalation of lithium ions in the supporting graphite material during discharge is discovered. This phenomenon, easily accessible to microstructure resolved simulations, leads to a violation of the relation between transferred charge during stripping and the amount of plated lithium. As a consequence the amount of plated lithium cannot be uniquely determined from the applied current and the length of the potential plateau during stripping. We show that the value and length of the plateau depends on the amount of plated lithium, the fraction of the surface area covered by lithium and the applied current.
Introduction
One of the major safety risks of lithium-ion batteries is the occurrence of an electrical contact between the two opposing electrodes, which potentially can lead to a catastrophic thermal runaway as in the dreamliner event 5 [1] or at least to a highly unbalanced battery. The deposition of metallic lithium on the surface of the anode particles together with the initiation of dendritic growth of lithium is the most probable cause for such a short circuit [2] . Instead of being intercalated in the anode particles, the lithium begins under certain process and environmental conditions to accumulate on the surface of the anode. Because of the similarity to electrodeposition [3] , this process in lithium-ion batteries is named lithium plating. The resulting metallic phase poses a 15 huge safety hazard and can significantly reduce the cell durability and cycleability [4] [5] [6] [7] . Various methods to identify plated lithium were proposed using in-situ, exsitu or in-operandi measurement methods. The major problem of these methods is, that they can either only 20 detect plated lithium indirectly (during discharge [8, 9] ) or with setups not applicable outside of a research environment (SEM [10] , optical microscope [11] , neutron diffraction [12] ). Theoretical investigations and simulations are hence of growing importance. 25 Lithium plating is so far mostly modeled in the frame of porous electrode theory [7, [13] [14] [15] [16] or on the base of equivalent circuits [17] . In these two type of models the microstructure is only represented by morphological parameters as e.g. average porosity and tortuosity. Porous 30 electrode theory additionally accounts for the diffusion in some representative particle for each volume element. Inhomogeneities on electrode scale can theoretically enter in the form of spatially dependent morphological parameter, but are usually neglected. cations like this might be important to investigate experimentally observed non-uniform plated lithium distribution in large pouch cells [18] . The role of the always present local fluctuation of the electrochemical environment due to the underlying particle structure of 40 the electrode cannot be resolved within this approach. Especially the appearance of a metallic film on single particles, which drastically changes the electrochemical situation locally and may lead to a potentially self accelerating phenomenon is only accessible to a fully 3D 45 microstructure resolved modelling approach.
So far, spatially resolved Lithium plating as e.g. observed in [11] inside a 3D microstructure have not been investigated theoretically. Models of dendritic lithium deposition, only resolve single dendrites usually in ax-50 ially symmetric approximation [19, 20] . In our paper a first step towards the construction of a microstructure resolved 3D plating model is taken. The approach is split into two different parts. First we study the influence of operating conditions on the spatial distribution 55 of the onset of plating facilitating full-cell simulations for different operating conditions. Then, the influence of spatially distributed metallic lithium in a graphite anode on the delithiation characteristics of a lithium ion half-cell is investigated in detail. In the literature [9] 60 the usually observed stripping plateau in the cell potential is used to estimate the amount of plated lithium. With our explicit simulation of the stripping process on microstructure scale it is possible to test the assumptions underlying the experimental investigations.
Specifically, we show that the length of the plateau not only depends on the amount of plated lithium but also on its spatial distribution and the detailed microstructure of the anode, on which lithium is deposited. 
Theory

Lithium intercalation battery -Thermodynamic
consistent transport model In general a lithium intercalation battery consists of three porous phases: a negative electrode, a separator and a positive electrode. The pore space of these 75 materials is filled with an electrolyte. In Fig. 1 the microstructure of the lithium ion battery used in this work is shown. The lithium ions are stored inside the solid phase of anode and cathode. During charging/discharging operation the lithium is deintercalated 80 from the cathode/anode, transported through the electrolyte inside the pore space and then intercalated into the anode/cathode. The anode -cathode or through plane direction (x-direction in our simulation) represents the full cell thickness and is resolved in all struc-85 tural details. In lateral directions, insulating boundary conditions are applied i.e neither electrical current nor ions can leave the simulation domain in these directions. This boundary condition is an approximation and at the boundary of the simulation domain. Due to the statistical isotropy of the electrodes and the main potential drop in trough plane direction, this approximation is justified. Artificial boundary effects due this boundary condition are not observed in our simulation. The use of 95 periodic boundary conditions is not possible since the cathode is a cut out of a larger structure and thus not periodic. The electrical connection between the battery and an external circuit is achieved by applied specific boundary conditions to the current collectors. The neg-100 ative current collector has a constant potential as boundary condition, while the positive current collector has a constant current flux for charging or discharging. An applied constant potential is represented by setting the cathode current collector to the desired cell potential 105 plus the potential of the negative current collector.
Basic transport model
The states of the lithium-ions inside the different phases of the battery are described by the concentration in the solid (c So ) and in the electrolyte (c El ) and by the electrical potential in the solid (Φ So ) and the electrochemical potential in electrolyte (ϕ El ). The time evolution of these variables is obtained by solving the mass balance equation and charge conservation equation in the different phases. These equations are given by Eq.
(1).
where N i is the particle flux in phase i:
and j i the current density in phase i:
The two phases i are either solid (So) or electrolyte (El 
with the area normal n So−El pointing from the solid into the electrolyte and i SoEl the interface current between the solid and the electrolyte phase. A symmetric ButlerVolmer-equation can be used to describe the intercalation reaction,
Without additional side reactions, only anodeelectrolyte (An-El) and cathode-electrolyte (Ca-El) in- 
Reactions
To quantify the kinetics the proper overpotentials η have to calculated. If side reactions as plating are added 
w.r.t.a.r. -with respect to arbitrary reference w.r.t.l. -with respect to lithium not only solid -electrolyte overpotentials η S o−El as in Eq. 5 for intercalation and plating but also solid -solid overpotentials for lithium transfer from plated lithium to intercalated lithium have to be considered. The two intercalation reactions in a lithium-ion battery can be written the following way:
The two different side reactions at the anode, which we will describe are lithium deposition from the electrolyte onto the surface of the graphite (lithium plating) and chemical intercalation of plated lithium. Since we first want to develop the theory for reversible plating, the formation of a solid-electrolyte-interphase will be neglected. 
Li
Intercalation
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The overpotential of the intercalation reaction into graphite (I-A) is given by
By changing the reference to lithium and with Eq. (8) and (10), we can rewrite it to
A symmetric Butler-Volmer relation is used for the exchange-current density: (14) with i 
Lithium Plating
During lithium plating a metallic film is deposited on top of the surface of an electrode. The plating (deposition) and stripping (dissolution) of lithium is described by the reaction in Eq. (S1). The reaction is thermodynamically possible if the difference in the electrochemical potentials becomes negative. With µ
Pl e − , the overpotential of the deposition can be written as
With the definition of the electrochemical potentials (Eq. (8) and Eq. (9)), we obtain
We assume, that the electrical potential at the interface between plated lithium and graphite is continuous. If the plating overpotential is below zero (η plating < 0), lithium from the electrolyte can be deposited on the surface. Conversely, lithium dissolution/stripping takes place, if the overpotential reaches a positive value. From this point on, we call this the "plating condition".
Assuming, that the lithium phase can not be fully depleted, a Butler-Volmer-like expression can be used for the exchange-current density:
Since lithium metal has a higher conductivity than graphite, we can approximate the electrical potential Φ Pl in the plated lithium by the electrical potential in the graphite Φ So . Hence the plating condition can equivalently be expressed by the intercalation overpotential η intercalation and the open circuit potential U 0 (c So ) (20) Since the lithium metal is in direct contact with the anode material, their Fermi energies will equilibrate. As a consequence it can be seen that the overpotential for the chemical intercalation of lithium is the same as the open circuit potential between anode material and metallic lithium 2 , i.e.
As long as the open-circuit potential U 0 is positive,
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plated lithium will always be intercalated into the supporting graphite.
Reversible stripping of plated lithium
The deposited metallic lithium can be reversibly reutilized for battery operations in two ways. Either the 135 deposited lithium is stripped upon discharge of the battery (S1) and then intercalated into the anode (I-A) or cathode material (I-C), or the cell is stored under open circuit condition until the metallic lithium is electro-neutrally intercalated in the supporting anode 140 (S2). These two pathes are not equivalent under nonequilibrium conditions, even though the final states are thermodynamically, i.e. in equilibrium, identical.
The direct chemical intercalation Eq. (S2) is a process independent from the electrical potential in the an-145 ode phase (Eq. (21)). Hence the changes in the cell potential are purely due to the increase of the state of charge of the anode.
The electrochemical process of lithium stripping (Eq. (S1)) has a equilibrium potential vs a lithium reference 150 of zero. Thus a anode with plated lithium exhibits a mixed potential during combined stripping and delithiation, which has a value between the cell potential of pure anode-delithiation and pure lithium stripping. While a stripping current is applied to a plated lithium-ion bat-155 tery, the newly stripped lithium ion has a chemical potential which makes it favorable to intercalate as well in the anode as the cathode material. Therefore instead of being transported to the cathode before intercalation it can also be directly re-intercalated into the anode.
The intercalation into the anode material will result in a globally electro-neutral process, since the electrons freed in the anode during lithium dissolution are consumed during intercalation in the anode. The energy barriers to be overcome and thus the overpotentials and the dependence on the applied current will be different than in the direct chemical intercalation.
Simulation
All simulations in this work are based on the framework BEST (Battery and Electrochemistry Simulation (16) and (18)/ (22)). The simulations are run on the high 175 performance computing cluster JUSTUS, located at the university of Ulm with parallelization on 8 cores. All simulations are done isothermal.
Numerical approximations
A new numerical challenge of the stripping simulation is the vanishing of the lithium phase. The ButlerVolmer and similar interface current expressions are derived under the assumptions of non-depleting phases. The expression in Eq. (18) is only valid, if the dissolution of the lithium phase does not lead to a vanishing of the phase. Additional assumptions are necessary if one of the phases involved in the electrochemical exchange is consumed during the electrochemical or chemical reaction. In this work, we approximate the behavior of a vanishing phase by modifying that part of the interface current, which is responsible for the dissolution of lithium (for i Li/Li + > 0). The expression for the exchange current between the lithium metal and the electrolyte is set to be: (23) with the overpotential of the reaction from Eq. (16), the current prefactor i A regularization technique of singularities in source terms is applied to prevent or at least minimize the influence on the numerical stability. [24] A numerically stable choice was found to be:
The influence of the exact value of d 0 was in- the shape of the cell potential is not influenced by the exact value of the prefactor. Smaller prefactors force the solver to calculate more iteration steps, when the lithium phase is depleting. Each iteration step also take more time and therefor prolonging the total simulation time. The investigation showed, that smaller prefactor values increased the simulation time significantly and at the same time not yielding any additional information from the simulations. To minimize computational cost the value of the prefactor was therefore set to be 0.48 nm
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for the stripping simulations in this paper.
Microstructures 3.2.1. Basic microstructures
The graphite microstructure in this study is generated with the software GeoDict [25] based on literature val-205 ues for the volume fractions: 0.5311 for graphite (Hitachi SMG), 0.0343 for conductive agent (Timcal Super C65) and 0.0346 for binder (Solvay Solef 5130). As particle shape for graphite a prismatic/planar polyhedron shape was selected based on SEM images from 210 experimental cells [26] . The cathode microstructure is based on experimental data for nickel manganese cobalt oxide [27] . Binder and conductive agent were added to the electrode structures as active material, to generate a "correct" pore volume. The lithium metal counter elec- The geometry of the full cell simulation is shown in Fig. 1 . The microstructure of the full cell consists of 344×200×200 discrete volumes (voxels), which are cubic and have a side length of 0.37 µm. The microstruc-220 ture of the half-cell consists of the anode of the full cell and a flat lithium counter-electrode.
Modifications for stripping simulations
The anode structure is modified for the stripping simulations. The microstructure is partitioned into 96 vol-225 umetric sectors with a size of 30x50x50 voxels: In xdirection (See Sec. 2.1) the microstructure is divided into six slabs with a thickness of 30 voxels each. These slabs are further subdivided into 16 equally sized parts, with a size of 50x50 voxels in lateral direction.
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The phase dedicated for an additional lithium phase is added to each of these 96 sector in two different ways: A voxel of the new phase is inserted at the interface between the active material and the pore volume (electrolyte phase) by either replacing electrolyte volume or 235 anode volume. Following this algorithm the total solid phase or the total electrolyte phase is unchanged.
One plated sector together with the other 95 unplated sectors are combined to form a modified microstructure. Therefore the 192 plated sectors result in 192 240 microstructures, which contain a lithium phase at different locations. In Fig. 3 one of the these modified microstructures is shown, where the sector, where the lithium phase was added on, is highlighted. Cell
Eq. (18) FC -full-cell; HC -half-cell; Gr -Graphite; PLPlated lithium; Li -Lithium counter electrode; El -Electrolyte
Plating condition
It is well known, that the onset of lithium plating depends on ambient temperature and applied current. As described in Sec. 2.2.2 lithium plating is thermodynamically possible if the overpotential is less then zero. The influences on the plating condition during full cell simulations is investigated by conducting full cell simulations for various ambient temperatures and applied currents. The temperature dependence of the various material parameters are either taken directly from literature or assumed to follow the Arrhenius law (Eq. 25) with an estimated activation energy.
For some parameters, the temperature influence may be neglected. In Tab. 4 the material parameters used for our simulations are listed. full cell simulation with and without plated lithium at the anode-separator-interfaces (Fig. 4b) ) show a similar behavior as the experimental one. The differences in plateau height and duration between experimental and simulated are due to the lower fraction of surface cov- To investigate, how the location of plated lithium impacts the cell performance, the microstructure was partitioned as described in Sec. 3.2.2. The amount of plated lithium is initialized to a thickness of roughly 50 nm.
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The total amount of plated lithium varies between the different sectors (difference between minimal and maximal amount is 68 %), since the size of electrode surface, which the additional phase was added on, in the different sectors differs.
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The stripping simulations are conducted for three different applied current densities, which are listed in Tab. 3. In a full-cell plated lithium is stripped during discharge, where the anode gets delithiated. In a halfcell stripping will take place during charge or delithia-tion of the graphite, thus the half-cell are charged. Table 3: The three different applied current density magnitudes used in the stripping simulations. The current density is with regard to the area of the current collector.
Name
Value C-Rate Current 1 0.0020 A/cm 
Plating condition
We investigated for different charging protocols and different temperature at which SOC and at which point 340 in the anode the plating condition was first satisfied. For a battery with a base surface of 74 µm × 74 µm (200 × 200 voxels), we consistently found for all conditions, that the plating condition is first reached at the separator interface of the anode. Once the condition is 345 fulfilled at this interface, the plating boundary moves front-like towards the current collector, creating a domain between separator and current collector with increasing probability of plating, since the potential keeps droping below zero Volt against Li/Li + . The most nega-
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tive value always are reached at the graphite-separator interface. In lateral direction no inhomogeneities in the plating condition could be seen, which can be explained by the statistical homogeneity of the investigated microstructure. If this homogeneity is violated, e -no literature value, approximated out of LFP and NCA; f -no temperature dependence needed, since stripping simulation only at one temperature An increase of the applied current, leads to a higher overall cell potential. The higher the current, the faster the maximal concentration of the negative electrode sur- For the different operating conditions, the value of the plating condition at the graphite-separator interface is shown in Fig. 6 . As expected, the plating condition is most probably 385 fulfilled for charging at low temperatures or with high currents. With the assumption, that plating starts, as soon as the plating condition is fulfilled and keeps going afterward, a negative plating overpotential η plating early during charging should lead to an larger amount 390 of plated lithium. How plating changes the local potential inside the battery is experimentally difficult to measure. Experiments with three-electrode-setups are able to extract the half-cell potential of the complete negative electrode, but give no exact information for the different 395 parts of an electrode [38, 39] . The simulations for various temperatures and applied currents show, that the overpotential is negative after a short time for high current (10C) and low temperatures (275 K). These simulation results coincide with experimental observations, 400 that lithium is plating for low temperatures and high currents for the simulated materials [39] . In [16] experimental and simulation studies were conducted using the porous-electrode theory. In our work the plating condition is identified as the point where the overpoten-405 tial for lithium deposition becomes negative, i.e. thermodynamically favourable. It is equivalent to the point where the difference in the electrochemical potential between lithium and electrolyte (Eq. (17)) becomes negative, whereas the criterion for plating in [16] is defined 410 by the point, where the electrical potential of the solid anode phase reaches negative values. This is not the same as the electrochemical potential becoming negative as in our criterion (see 19) . In addition the definition of the OCP of lithiated graphite in [16] 
Lithium stripping/dissolution
Due to the large amount of simulations in Fig. 7 the cell potential during delithiation is only shown for the sectors along the x-axis in the corner of y=0 and z=0.
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Other cross section behave similarly. The cell potentials exhibit a plateau at the beginning of delithiation, followed by the first slow and then faster increase in potential. The final potential value is the same for all simulations. The initial plateau is due to the stripping process, 430 which proceeds at constant potential. When nearly all lithium is consumed, a strong increase in the cell potential can be seen. The smaller steps in the cell potentials close to the final plateau are a result of the tensorial discretization and would turn into a smooth transition for 435 surface adapted meshes. The apparent plateau at about 0.19 V is the cell potential of the supporting graphite for a state of charge of 70 % with the overpotential of a charge at constant current. The actual change in the potential during 1 s delithiation is too small to be visible. For the simplification of the analysis, the cell potential during stripping is approximated by three consec-445 utive linear fits (See Appendix A). The intersections of the three lines are used for the estimation of the potential jump between the stripping plateau and the graphite potential, the duration of the stripping plateau and amount of charge transferred during the plateau.
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The mean of the potential jump for all 192 simulations is ∆Ū plateau = 44.5 mV with an standard deviation of 5.6 mV. The stripping time ist stripping = 2.48 s with an standard deviation of 0.25 s.
In Fig. 8 tion maximum around the sector is visible. The concentration maxima are spatially localized. The height of the concentration maximum depends on the pore connectiv-460 ity close to the sector: a smaller pore, as seen for the sector S/91/0/0), results in a higher concentration. After the plated lithium is completely stripped, the concentration maxima slowly vanish due to the lithium diffusion. The concentration profile of a plated cell will then re-465 lax to the profile of a unplated cell, where the lowest concentration is close to the anode current collector and highest concentration close to the cathode current collector. Cells with a plated sector close to the anode current collector take more time to reach the profile of a 470 unplated cell. The zoning behavior of the concentration maxima can not be resolved in a 1D+1D-Newman-type simulation, since the concentration in the electrolyte in the lateral direction is not resolved.
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The electrochemical potential of lithium ions in the electrolyte also inhibit a maximum close to plated lithium. This maximum, similar to the concentration one, dissipates after all plated lithium is stripped.
All microstructures used for stripping simulation tance between the plated lithium and the current collector has only a small influence on the plateau height and 505 an even smaller impact on the transferred charge. The change in the plateau height for the selected simulation is about 5 mV for a distance of roughly 66 µm. The electrolyte resistance alone is not responsible for this small distance dependence: For a constant electrolyte concen-510 tration (e.g.: at the start of delithiation, when the concentration had no time to respond) , the electrochemical potential in the electrolyte decreases by around 1 mV over a distance of 70 µm. The difference in cell potential for increasing distance to the graphite current collector 515 is in the order for 5 mV.
Covered surface area
In Fig. 7 the effect of the surface area is indicated by an arrow. The potential jump increases with the covered surface area i.e. the stripping plateau is lowered 520 towards the Li/Li + redox potential. The covered surface area for the simulation at x=31 and x=61 as seen in and the largest is 12.7 · 10 −6 cm 2 . These correspond to a fraction of the active surface area covered by plated lithium of 0.6 % and 1.3 %. In comparison with the distance from the current collector (see previous section), the coverage area has a larger impact on the change in 540 plateau height. For the simulations shown in Fig. 7 the plateau value changes by 19 mV.
The amount of covered surface area also influences the total charge to be transfered until the lithium is dissolved. As expected, an increase of the covered sur-545 face area leads to an increase in transferred charge. But this is not only a result of the different volume of metallic lithium. The transferred charge will also depend on the ratio of the intercalation exchange current amplitude and the plating exchange current amplitude as well as on 550 the applied current and details of the microstructure, as discussed in more detail in the next section.
Interface currents during stripping
The simulation of a 3D lithium-ion battery allows to investigate the distribution of currents at the interfaces 555 during the stripping. In Fig. 10 the stripping current and the graphite intercalation current are shown. They are normalized to the applied current to allow for a direct comparison. The first interesting observation is, that the net charge 560 transferred during the stripping plateau is smaller for smaller applied currents. This surprising finding is due to a subtle competition between local oxidation of plated lithium and reduction of lithium ions during intercalation into graphite. It turns out that especially at 565 low current the oxidative stripping of the lithium film leads to an effective surplus of lithium ions in the adjacent electrolyte. These lithium ions can then contribute to the intercalation current into the graphite. Therefor, the fraction of charge carried by the total inter-570 face current between the graphite and the electrolyte can either be positive, zero or negative. A positive interface current is identical to stripping or deintercalation, while a negative interface current is only observed for the graphite part of the interface and is due to in-575 tercalation. Hence, for the higher current (Current 1) the lithium de-intercalates from the graphite and for the lowest current (Current 3) lithium intercalates into the graphite. The change in lithium concentration in the graphite can be seen in Fig. 11 . It is clearly visible,
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that for the lowest current the concentration of lithium ions in the graphite is first increasing before net deintercalation sets in. Only at larger currents, deintercalation i.e. monotonous decrease of lithium is observed for all times.
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In Fig. 12 the sign of the interface currents for the three different applied currents in the 3D structure are shown. Only the voxels at the surface of the graphite Tab. 3) in 3D representation during delithiation at 0.02nAh . For the electrolyte-graphite interface blue indicates intercalation and red delithiation and for the electrolyte-plated lithiuminterface green represents plating and pink stripping. For all three currents, the plated lithium is stripped, while the graphite either intercalates or deintercalates lithium, depending on the current. Shown for lithium in sector S(91/0/0).
The plated sector is visible as the pink sector for all currents, which indicates, that lithium is getting stripped. It can be clearly seen, that for the smallest cur-595 rent (Fig. 12 a) ), only the plated lithium sector dissolves lithium into the electrolyte, while lithium is intercalated from the electrolyte into the graphite. The interface current for the second current (Fig. 12 b) ) indicates, that the graphite only deintercalates lithium at the separator-600 electrode-interface. For the highest current (Fig. 12 c) ) the graphite shows nearly everywhere delithiation, except for a small portion close to the plated lithium sector (shown in inset in lower right corner in Fig. 12 ).
Noteworthy is the small yellow area in the lower right corner of first two plot (inset covers it in plot c) ) in Fig. 12 . This area indicates a unconnected electrolyte pore and therefore an inactive interface.
Estimation of amount of plated lithium
The method of differential capacity, as described in 610 [9] , is a promising method to estimate the amount of lithium plated inside a battery by only measuring the discharge cell potential. The interpretation of the potential drop duration as a marker for the amount of plated lithium is supported by neutron diffraction mea-615 surements [12] . By calculating the derivative of the cell potential with respect to the transferred current Q and selecting the position of highest change, the amount of lithium is estimated. Our 3D resolved simulations allow for a more detailed investigation of the potential and 620 limitations of the proposed method. In Fig. 13 the differential capacity is shown for the simulations in Fig. 10 at the three different applied currents. The total amount of charged transferred by converting the lithium layer into lithium ions is marked as solid black line and the esti- The dashed line shows the estimation done by performing the differential capacity method on the simulation results, the dotted line is the amount of lithium 630 obtained via point 2 of the line fits (See Appendix A) and the solid colored line represents the position, when the average thickness of the plated lithium in the system is less then 0.48 nm. For a given applied current, the estimated amounts are not the same for the different 635 methods. Also a dependency on the applied current is clearly recognizable. For a certain current it can happen that the estimated amount of a method is the same as the exact amount of lithium, however in experiments one can not check if that is the case. Depending on 640 the applied current the amount of plated lithium can be overestimated or underestimated. I.e., with the differential capacity method only a rough approximation of the plated lithium can be obtained. In Tab. 6 the deviation of the estimated amount of lithium from the real 645 amount of lithium for the three different analysis methods is shown. 
Influence of chemical intercalation
All previous discussion are done without the chemical intercalation enabled. In this section we want to 650 discuss, how the chemical intercalation would effect the cell potential during stripping. As described in Sec. 3.3, the chemical intercalation does only depend on the local lithium concentration adjacent to the plated region and can therefore be estimated by a constant intercalation 655 current, which is slaved by the slow change of concentration. This approximately constant current will lead to a faster stripping process and thus an earlier end of the stripping plateau. The exact shift depends highly on the rate constant of the chemical intercalation (S2) and the 660 thickness of the plated lithium. If the mass transfer due to the chemical intercalation has the same amplitude as the stripping reaction into the electrolyte, the duration of the stripping plateau will be halved. In general, if both reaction mechanisms are active, the strength of the cur-665 rent dependency depends on which pathway ( (S1) and (S2)) strips the most plated lithium. For the case, that the electrochemical stripping reaction only dissolves a very small fraction of plated lithium compared to the chemical intercalation, the current dependency will be-670 come negligible. Since we are not aware of any literature values for the chemical intercalation rate, it was not included in our simulations. Only extensive parameter studies and dedicated experiments can clarify, which reaction mechanism is dominant and what the reasons are 675 for this. In the scope of this work, these studies were not possible. In a future publication, the distribution of the plating mass flux on the different possible reaction pathways will be investigated in more detail.
Conclusion
680
We investigated for the first time on microstructure scale the occurrence of plating and the influence of plated lithium on the charge -potential characteristics depending on the position of the plated lithium in the electrode microstructure. Full cell simulations showed in agreement with experimental results [9, 11] that the plating reaction most probably is initiated at the anodeseparator-interface and that the first occurrence is earlier for higher currents or lower ambient temperature. The well-known plateau during discharge of a plated lithium 690 ion cell is also observed in our simulations and can, as expected, be attributed to the reversible stripping of the plated lithium. Unexpectedly, the amount of transferred charge during stripping depends not only on the total amount of plated lithium but also on the applied current.
This phenomena was explained by the occurrence of local short circuit like currents, which are caused by stripping induced intercalation of lithium ions in graphite during discharge in half-cells or charge in full cells.
Experimentally, the method of differential voltamme-700 try [9] is used to estimated the amount of plated lithium from the amount of transferred charge. Partially due to the induction of the observed local short circuits, the relation between charge transfer and plated lithium is not as unique as expected. If we apply differential 705 voltammetry to our simulations and compare the extracted values with the lithium amount at the beginning of the simulation, we see a discrepancy. The amount of plated lithium can be underestimated or overestimated, depending on the applied current.
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Also the dependence of the stripping plateau on covered surface area, distance from current collector and applied currents have been investigated. We find, that the amount of coverage has the dominant influence on the level of the stripping plateau. Its influence on the 715 stripping plateau is much more pronounced, than the specific place of plating within the electrode. In future investigations a detailed model for the actual plating process, which is under development, will supplement our stripping simulations and will allow to study 720 the competition of stripping and plating during cycling.
Due to the artifacts in the cell potential for the stripping simulations, the data is separated into three regimes: One representing the initial potential level, one the part of biggest change and one representing the final potential level. Into these regions straight lines (Eq. (A.1)) are fitted. The intersections between the three lines are marked as "point 1" (t 1 ,V 1 ) and "point 2" (t 2 ,V 2 ). The x coordi-880 nate of "point 2" t 2 is taken as the time, where we can assume, that all lithium is stripped if we had no artifacts: t strip = t 2 . The difference in the y coordinates between the two points V 2 − V 1 is assumed to be the "height" of the potential drop due to stripping: ∆U Plateau = V 2 −V 1 .
